The role of the Golgi apparatus in wall formation of vegetative cells of a marine chrysophyte, Pleurochrysis scherffelii, is described . Wall fragments are synthesized within the cisternae of the Golgi apparatus . A single Golgi apparatus is always located at the cell periphery, and the distended cisternae are oriented toward the cell surface . A highly-ordered body found near the inflated cisternae is associated with spherical, membrane-bounded bodies which may be involved in the progressive degeneration of cisternal membranes which release wall fragments . Protoplast movement has been detected by time-lapse cinephotomicrography and is correlated at the ultrastructural level with change in positions of the Golgi cisternae . Wall-synthesizing capacity is greatest during transverse wall formation . Senescent cells lack a Golgi apparatus with inflated cisternae . In addition, wall fragments are not present in the Golgi cisternae at this stage . Zoosporogenesis results in a temporary loss of the wall-forming capacity of the Golgi apparatus ; this activity then resumes with the formation of a different morphological entity, the scale . Preliminary quantitative measurements of the turnover capacity of the Golgi apparatus have been made . From these data it has been determined that between 41 and 82 Golgi generations are required to synthesize the cell wall of an actively growing cell ; this estimate indicates that approximately one cisterna is produced every 2 min, provided the cell generation time is 3 days . The time-lapse cinephotomicrographic data confirm that the rate of production of Golgi cisternae is at least one cisterna every 2 min .
INTRODUCTION
Direct morphological evidence to confirm the role of the Golgi apparatus in plant cell wall formation (other than the cell plate) has rarely been observed at the ultrastructural level, although it has been frequently postulated that the Golgi apparatus is involved in wall formation (16, 17, 21, 22, 25) . Perhaps one of the most striking demonstrations of this relationship is exemplified in the series of publications by Manton and Parke (7, 19) who described the role of the Golgi system in scale and theca production for members of the Haptophyceae and Prasinophyceae . Through these publications it has become clear that the Golgi cisternae are directly involved in the production of scales or components of the theca . The distinctive morphology of scales has made it possible to trace their ontogeny. The purpose of this report is to illustrate a similar role of the Golgi apparatus in producing wall fragments in the vegetative cells of a marine chryscphycean alga, Pleurochrysis scherffelii, described by Pringsheim in 1955 (23) .
MATERIALS AND METHODS
Axeri-cultures of Pleurochrysis scherffèlii were obtained from the Culture Collection of Algae and Frotozoa at Cambridge and were maintained on von Stosch's medium enriched with 0.02% meat extract and solidified to 1 .6°j ß with Difco Bacto Agar (Difco Laboratories, Detroit, Mich .) . Cultures were grown for 1-2 wk under a 12-12 hr diurnal light cycle at 250 ft-c at a temperature of 25°C .
For electron microscopy, cells were scraped off the agar culture medium and embedded in 1 .5%Jo agar. These agar blocks were then cut into small pieces and fixed for 1 hr at 25°C in 3% acrolein-3%Je g=.utaraldehyde buffered to pH 6 .3 with 0 .2 M sodium cacodylate (1 :1 v%v) . Cells were postfixed for 1 hr at 25°C in 2°jß% OsOa buffered to pH 6 .3 with 0 .2 M sodium cacodylate, after which they were rinsed three times in distilled H 2O . Other aliquots were fixed in ]'/"( Os04 buffered to a pH 7 .0 with phosphate . After fixation or postfixation, the material was placed in a 2°j c aqueous solution of uranyl acetate at 5 *C for 24 hr . The blocks were then rinsed two or three times in distilled H2O, dehydrated, and embedded according to the procedures of Mollenhauer (15) . Sections were made with a diamond knife on a Porter-Blum MT-2 microtome, and then the sections were poststained on the grid with 0.5% uranyl acetate and Millonig's (14) lead citrate. The material was examined with a Siemens Elmiskop I at 60 kv .
Bright-field and phase-light microscopic observations were made with a Zeiss WL microscope . Timelapse cinephotomicrography was accomplished with an Emdeco camera-drive unit attached to a Kodak Cine II 16 mm movie camera .
OBSERVATIONS
Pleurochrysis scherffelii produces packets of cells which frequently become organized into reduced, pluriseriate filaments (Figs . 1-3) . At the light microscopic level, the nature of the cell division seems to be analogous to "vegetative cell division" sensu Herndon (5), in that the wall of the daughter cell remains contiguous with the wall of the parent cell, at least at the completion of cell division .
The vegetative cell contains one or two parietal chloroplasts, in the central portion of which a pyrenoid is located (Fig. 3) . Extrachloroplast bodies similar to those described by Olson et al . (18) are present (Figs . 5, 12) . Each cell contains a single nucleus (Fig . 5) . Ribosomes, mitochondria, and electron-opaque vacuolate material are also present (Fig . 3) .
Morphology of the Cell Wall
Electron microscopic observations have shown that the structure of the wall is highly laminated (Fig . 7) , a feature not revealed with bright-field light microscopy . Polarization microscopy, however, has confirmed the lamellar nature of the wall and indicates a negative spherite birefringence . A positive iodide dichroism with zinc chloriodide suggests that the lamellar substance is composed of cellulosic material . The unit structure consists of a lamellar fragment which stratifies with other similar fragments to form an ordered array of evenly spaced lamellae (Fig . 9 ) . The surfaces of these stacked wall lamellae have regularly spaced electron-opaque projections (Fig . 7 , arrow S) . These structures form a reticulate network that apparently bonds the stratified material into a coherent mass to form the wall .
Note in Fig . 3 that the wall thickness is variable . The parent wall is thicker than the daughter cell wall . This suggests a cumulative deposition of wall material for each cell generation . The youngest cells always have the thinnest walls, and it is obvious that these walls are the most recently deposited . It should be noted that the wall contiguity between parent and daughter cells explains the formation of distinct, multicellular complexes (parenchyma) (Figs . 1-3) .
Morphology of the Golgi System and its

Involvement in Cell Wall Formation
Although confirmation by serial sections through an entire cell has not yet been obtained, extensive observations of thin and thick (+ 1 µ) sections indicate the probable presence of only a single Golgi apparatus in each cell . The Golgi apparatus is highly differentiated in having both distended and compact cisternae . The distended cisternal region is always oriented toward the surface of the cell (Fig . 3) . Thus, the Golgi apparatus itself is not only differentiated, but it is also polarized in such a position as to suggest involvement in wall deposition. Confirmation of this involvement is revealed by the presence of wall components within the distended cisternae themselves (Fig . 4, 6, 8) . Furthermore, the distended cisternae containing mature Enlarged portion of Fig . 5 showing inflated, displaced Golgi cisternae . Note the two wall components within the cisterna (arrow 1), the cell wall (arrow 2), and an ordered structure (arrow 3) which is always located near the inflated cisternae . Arrow 4 denotes a membrane network which is associated with spherical membrane-bounded structures (arrow 5) which may carry lytic enzymes to break down the cisternal membranes that release wall fragments . The cavity at arrow 6 represents the remains of a cisterna which has recently released a wall unit . X 114,700. Segment of a transection through a vegetative cell illustrating the laminated cell wall . The most recently deposited layers (arrow 1) are those of a cell diad, while the outermost layers (arrow 22) were produced by the original parent cell . Note the regularly spaced, electron-opaque regions of the wall lamellae (arrow 3) . The wall strata at arrow 4 appear to have been sectioned tangentially and reveal the reticulate surface . X 124,000 . Wall units in distended Golgi cisternae . Note the regularly spaced, electron-opaque units (arrow 1) and compare them with those of the fully formed wall layer (Fig . 7) . X 140,000 .
FIGURE 9 Segment of a section through a vegetative cell showing site of deposition of wall units by the Golgi cisternae . One cisterna (arrow 1) has already released its wall unit . Note the abundance of spherical membranous structures (arrow d) interpreted to be remains of cisternae which have already deposited their wall units. Note the intact wall unit in a nearby cisterna (arrow 3) . The fully assembled laminate wall of the vegetative cell is shown at arrow 4 . X 89,600 .
wall fragments approach the surface successively (Fig . 5) .
The mechanism of release of the wall fragments from the surface of the plasmalemma is not well understood at present . It is possible that at least two structural entities may be involved . A highly ordered body (Fig . 6 ) is frequently located near the distended cisternae which are about to release their wall fragments . This body is associated with spherical sacs bounded by a unit membrane . These sacs may carry lytic enzymes to the Golgi cisternae, or they themselves may be products of spent cisternal membranes which are in the process of releasing their wall fragments. Frequently, the remains of the cisternal membranes seem to fuse with the plasmalemma and succeeding cisternal membranes to form a reticulum which is almost always apparent in the region near wall deposition (Figs . 9, 10-12) .
In cultures of Pleurochrysis which are not actively R . M . BROWN, JR . Golgi Apparatus and Wall Formation in Chrysophycean Alga FIGURE 10 Portion of a section at the site of wall deposition showing the abundance of reticulate cisternal membranes adjacent to the plasmalenmia (arrow 1) . Note the outermost cisterna containing two wall fragments . Such hyperactivity is normal in actively dividing cells . Recently assembled wall is shown at arrow 2 . X 124,000 .
growing, the Golgi cisternae lack the extreme polarity observed in actively growing cells ; furthermore, all cisternae are compact and do not contain the characteristic wall fragments . This suggests that the Golgi system in Pleurochrysis is not active in the formation of the wall of the vegetative cell at this senescent period in the life cycle . During induction of zoospore formation the wall-synthesizing capacity of the Golgi apparatus ceases abruptly ; but this activity is resumed after the motile cell has been released and, this time, it leads to formation of ornamented scales characteristic of Chrysochromulina (7) . Thus, within the life cycle of the same organism the Golgi apparatus can produce two structurally different components . A description of scale formation in Pleurochrysis will be presented in a later publication .
That the Golgi system can have differential rates of secretory activity in forming cell walls of 1 1 6 THE JOURNAL OF CELL BIOLOGY • VOLUME 41, 1969 the vegetative cell is illustrated in Figs . 12 and 13 , in which two early stages of cross-wall formation are shown . In Fig. 12 , the cleavage furrow has just developed, and only two to four wall layers have been deposited . Note, however, the greater number of wall fragments within the single distended cisterna which is about to release the material into the cleavage furrow (Fig . 12, arrow 2) . In contrast, note the reduced number of wall fragments per distended cisterna in Fig . 13 which represents a slightly later stage of transverse cell wall formation as evidenced by a greater number of deposited wall fragments in the cleavage furrow . With the rotation of the protoplast, the Golgi apparatus continually changes its position at the periphery of the diad until a complete daughter wall is formed contiguous with the parent wall .
After the Golgi apparatus has formed the transverse wall, the entire protoplast continues to rotate FIGURE 11 Transection through a Golgi apparatus which is actively secreting the wall of a vegetative cell . Note a wall unit which has just been released by a Golgi cisterna (arrow 1) . The plasmalemma invaginates frequently (arrow 2) and apparently fuses with the adjacent cisternal membranes, thus releasing the wall units to the periphery . Note the loose association of wall units (arrow 3), suggesting that the final assembly is not complete at this stage . X 69,600 .
Figs . 12-13 illustrate synthesis of the transverse wall . FIGURE 12 Very early stage after cleavage furrow formation in which only one or two wall lamellae have been synthesized and released by the adjacent Golgi apparatus (arrow 1) . Note the hyperactivity of wall synthesis indicated by formation of three or four wall layers in each cisterna (arrow 2) . The protoplast of the cell at the right was rotating counterclockwise at the time of fixation ; this deduction is based on the displaced cisternal remains (arrow 3) and the abundance of residual membranous material of Golgi cisternae (arrow 4) . X 44,000 . so that the Golgi apparatus becomes oriented toward the surface of the cell which contains the original parent wall (Fig . 14) . At this stage, the wall-secreting activity of the Golgi apparatus becomes reduced so that only one or two wall layers per cisterna are formed (Fig . 11) , a normal condition in interphase . The contiguity of daughter and parent cell walls explains the differential thickening of walls during the successive cell generations (Fig . 14) .
During the early part of this study, protoplast movement was inferred from the displaced, sequential deposition of inflated cisternae . Light microscopic observations failed to detect any spontaneous movement of the protoplast as has been observed in Coleochaete (3) . In order to test the possibility that the protoplasts do, in fact, rotate as accountable by the ultrastuctural evidence, living cultures were examined by time-lapse cinephotomicrography . FIGURE 14 This diagram illustrates the basic mechanism of wall formation during vegetative cell division of Pleurochrysis seher,$elii . A, mature vegetative cell with single Golgi apparatus, nucleus, and parietal plastid . B, plastid divides, nucleus divides, the Golgi apparatus undergoes division, and the cleavage furrow forms . Each new Golgi apparatus first synthesizes the transverse wall, and the protoplasts rotate in the direction of the arrows . The most recently synthesized portion of the transverse wall is adjacent to the Golgi apparatus . C, protoplast continues to rotate, and the Golgi apparatus synthesizes wall inaterial adjacent to parent wall . D, synthesis of wall of daughter cells is now complete . E, second division of a diad showing the same sequence that is illustrated above . F, two complete division cycles showing sequential wall deposition of three cell generations .
The time-lapse cinephotomicrographic data revealed an active motion of the protoplast which does not seem to exhibit any circadian or endogenous rhythm . The direction of movement appears to be random, and the rate of movement varies . Whenever a complete rotation is made, 15-20 min are required for one revolution as compared to I Y2-3 min for a complete revolution in Coleochaete (3) . Unlike the protoplast in Coleochaete, the entire protoplast in Pleurochrysis seems to exhibit movement ; the chloroplast movement is coordinated with that of the protoplast rather than being initiated directly by the chloroplast (3) . Timelapse cinephotomicrographic studies with Clamydomonas, Chlorococcum, and Tetracystis have not revealed the protoplast movement exhibited by Pleurochrysis. Stages of protoplast rotation and positional changes of the chloroplast, nucleus, and Golgi apparatus before, during, and after cell division are shown in Fig . 14 . Some of these various stages can also be correlated directly in Fig . 3 which shows a parent cell that has divided once to form a diad in which one of the cells has undergone a recent division to form a second diad (arrow 7) .
The author has never seen more than one Golgi apparatus in young, old, and recently divided cells in either thin sections (for electron microscopy) or thick ones (for light microscopy) . The reduction in the size of the Golgi apparatus in daughter cells suggests that the Golgi apparatus divides at the time of cell division .
A few quantitative statements concerning the amount of wall material deposited in relation to the activity of the Golgi apparatus can be made from this study . It has been possible to determine the average area of inflated cisternae . The surface area of the cell can be determined . From these data, the number of cisternal generations required to cover the cell surface with wall material can be calculated . It has been determined that 120 cisternal generations, on the average, are required to cover the cell surface with at least one wall layer. The average number of cisternae in the Golgi apparatus is 32 . Thus a turnover of approximately 3 .75 Golgi apparatus can be calculated as the requirement to synthesize one wall layer for the entire cell surface. The number of wall lamellae from the cell wall of one cell generation (actively growing cultures) is about 22 . Thus, approximately 82 .5 Golgi generations are required to synthesize the entire wall of an actively growing cell, if we assume that only one wall fragment is deposited per cisterna . We know that three to five wall fragments are deposited by each cisterna during the formation of the transverse wall . The maximum number of fragments per cisterna observed in the interphase cell is two . Therefore, the range of the turnover capacity of the Golgi apparatus is somewhere between 41 and 82 Golgi generations per cell generation . Considering that a cell generation occurs at least every 3 days, it is calculated that a complete Golgi apparatus is synthesized about once every hour . This indicates the production of one cisterna every 2 min .
Time-lapse cinephotomicrographic studies confirm a higher rate of production of cisternae . Assuming that a given rotation of 360°takes 15-20 min, as was described earlier, then rotation through an arc of 36°-44°would take 2 min . If the protoplast rotates through an arc corresponding to the diameter of a cisterna, one would expect 1 2 0 THE JOURNAL OF CELL BIOLOGY • VOLUME 41, 1969 to see the cisternae produced end-to-end in the electron micrographs . In Fig . 5 , the three outermost cisternae are not arranged end-to-end but rather are overlapping, thus indicating that the rate of production of cisternae is higher than the calculated rate . The outermost cisterna in Fig . 5 transcribes an arc of 30°. The length of time the protoplast would take to rotate 30°is 1 .67 min at the rate of 360°/20 min, or 1 .25 min at the rate of 360°/15 min, for depositing cisternal fragments end-to-end . The observed reticulate mass of residual cisternal membranes does not suggest an endto-end arrangement but rather suggests a partial overlapping production of cisternae . Therefore, the time-lapse data would suggest that the rate of production of cisternae is greater than one cisterna every 2 min . An overlapping arc of approximately 15°for the three outermost Golgi cisternae in Fig .  5 suggests that the generation of a cisterna occurs every 0.62 min at a protoplast rotation of 360°/ 15 min or every 0 .85 min at a protoplast rotation rate of 360°/20 min . For a cell generation time of 36 hr, the rate of production of cisternae becomes one cisterna per 0 .78 min, which is in agreement with the time-lapse data .
These data certainly do suggest a very rapid rate of turnover in the production of cisternal membranes to produce the necessary wall fragments which form the cell wall . It will be of interest to correlate these findings with rates of incorporation of labeled precursors of the wall as well as with incorporation of lipid into membranes .
DISCUSSION
This study of Pleurochrysis scherffelii represents the first published account directly supporting the role of the Golgi apparatus in wall formation of nonmotile, vegetative algal cells . Most other accounts have dealt specifically with motile forms of the Haptophyceae and the exclusively motile algae of the Prasinophyceae . Thus far the Golgi apparatus has been found to produce either a variety of scales or a noncellulosic "theca ." Scales of probable Golgi origin have been observed on the flagellar surfaces of Platymonas (12), Prasinocladus (19), Micromonas (11), Heteromastix (13), Nephroselmis (20) , Halosphaera (10), Pyramimonas (10), and Mesostigma (9), all these genera belonging to the Prasinophyceae (2) .
A noncellulosic theca which probably originates from the amalgamation of Golgi-derived scales has been observed in Prasinocladus (19) and Platymonas (12) .
Haptophycean genera such as Chrysochromulina (7, 8) and Prymnesium (6) produce abundant, ornamented scales on the cell surface . These scales are also Golgi derived .
The present work indicates that an orderly, sequential deposition of wall material is coordinated with movement of the Golgi apparatus based on the continous movement of the protoplast (Fig .  14) . The Golgi apparatus is not only located in a specific region of the cell immediately following division but, in revolving with the protoplast, it undergoes periods of differential secretory activity in forming the wall units. As expected, the greatest period of activity occurs during the synthesis of the transverse wall, immediately after cell division and cleavage furrow formation . In cultures during the stationary phase of growth, the Golgi apparatus does not produce distended cisternae and shows no sign of activity associated with wall deposition . The possible diurnal fluctuation in secretory and wall-synthesis activity shown to be the case in Chrysochromulina has not been investigated in Pleurochrysis. In Chrysochromulina chiton the manufacture of scales by the Golgi system is increased by day, reduced by night, and may be possibly coordinated with the limitation of mitosis to the dark cycle and limitation of cytokinesis to the daylight hours (7) . In view of Green and Jennings' (4) finding that the scales are composed chemically of carbohydrate, the major residues of which are ribose and galactose, it would seem likely to expect the daytime production of scales to be coordinated with photosynthetic activity. The possible diurnal nature of wall synthesis awaits investigation . It is known, however, that differential and predictable wall synthesis is coupled with the division cycle, and the latter may well be coordinated with dark-light cycles, as is the case for many algae .
In Pleurochrysis, the cell wall appears to be composed of pectic substances (as confirmed by staining with ruthenium red) in addition to the suggestion of cellulose as confirmed by a positive iodide dichroism in polarization microscopy . One of the most significant findings is the fact that the walls of the daughter and parent cells remain contiguous, at least at the completion of cell division . Accordingly, this pattern follows closely that of many chlorophycean algae for which the order Chlorosphaerales was erected by Herndon in 1958 (5) to emphasize the phenomenon of "vegetative cell division ." As a result of study of Pleurochrysis, there can now be no doubt that vegetative cell division, sensu Herndon, occurs in the Chrysophyta as well as in the Chlorophyta . The ultrastructure of vegetative cell division in chlorosphaeralean algae suggests, but does not prove, a sequential deposition of wall material as shown in Pleurochrysis . The lack of proof is due to the fact that the homogeneity of the cell wall material does not allow a morphological interpretation for determining the relative age of deposited wall .
Because of the distinct layering or stratification of the wall in Pleurochrysis, the origin of the new wall can be distinguished from the parent wall . This is especially clear in early stages of transverse wall formation (Figs . 12, 13 ) in which the wall fragments are first deposited in the transverse cleavage furrow and later are deposited contiguously with the parent wall . The outcome of this differential accumulation of wall material is a varying thickness of wall surrounding an individual cell . Following transverse wall formation the Golgi apparatus synthesizes a new wall layer adjacent to the daughter cell wall, ultimately resulting in a packet of cells enclosed by walls of previous cell generations . Cells can dissociate by rupture of the parent walls at the junctures between cell progenies (Fig . 3) . This frequently occurs as the cells age and as the older wall surfaces slough off.
It is of interest to note that the pattern of wall deposition for the chlorophycean species Tetracystis isobilateralis and T. aggregata is identical with that for Pleurochrysis (1) . Unlike those in Pleurochrysis, the Golgi apparatus in Tetracystis do not seem to be directly involved in wall formation, and the wall here is homogeneous rather than stratified in organization . This lack of stratification has hindered the true interpretation of the exact nature of the relationship between the parent and daughter walls in Tetracystis, but this same relation now becomes exceptionally clear when one observes the pattern of wall deposition in Pleurochrysis.
Pleurochrysis scherffelii represents the first alga in which the extent of Golgi activity can be assayed by direct observation . Motile chrysophycean flagellates produce scales which slough off, and it is impossible to record the total amount of Golgiproducing material per cell generation .
Schnepf (24) has shown a quantitative relation-
